This paper presented an investigation of macromolecular suspension in a grooved channel by using the dissipative particle dynamics (DPD) with finitely extensible non-linear elastic (FENE) bead spring chains model. Before studying the movement and evolution of macromolecules, the DPD method was first validated by modeling the simple fluid flow in the grooved channel. For both simple fluid flow and macromolecular suspension, the flow fields were analyzed in detail. It is found that the structure of the grooved channel with sudden contraction and expansion strongly affects the velocity distribution. As the width of the channel reduces, the horizontal velocity increases simultaneously. Vortices can also be found at the top and bottom corners behind the contraction section. For macromolecular suspension, the macromolecular chains influence velocity and density distribution rather than the temperature and pressure. Macromolecules tend to drag simple fluid particles, reducing the velocity with density and velocity fluctuations. Particle trajectories and evolution of macromolecular conformation were investigated. The structure of the grooved channel with sudden contraction and expansion significantly influence the evolution of macromolecular conformation, while macromolecules display adaptivity to adjust their own conformation and angle to suit the structure so as to pass the channel smoothly.
Introduction
Understanding the dynamic behavior of macromolecules, such as DNA, is very important for fundamental research and practical applications in bio, chemical and medical engineering, especially in designing micro-devices. Recently, micro-devices enable processing, analyzing, and delivering biochemical materials in a wide range of biomedical and biological applications (Chun et al. 1999 , Fan et al. 2003 . For example, micro-needle can be used to efficiently and precisely deliver a small amount of drug or DNA into local tissue, skin regions, and even cells. In order to avoid pain and tissue traumas caused by traditional technologies of drug injection and delivery, a variety of micro-needles have been designed for hypodermic injection and transdermal drug delivery (Brazzle et al. 1999, Lin and Pisano 1999) . Micro-channels are the main field to deliver and control injected materials. By designing optimal structures of micro-channels or micro-channel networks, it is possible to efficiently control the injection process, either for simple Corresponding author, Professor, E-mail: liumoubin@imech.ac.cn fluids or complex fluids with macromolecules. It is therefore very important to understand the dynamic behavior of macromolecular when passing though micro-channel with different structures.
Recent development of experimental techniques enables us to study the dynamics and rheological properties of macromolecules such as DNA in micro-channels. For example, it is possible to use fuorescence imaging techniques to visualize the micro-structural conformations of molecules (Chu 1991) . Optical tweezers have been used to measure the extension properties of single DNA molecules . By using these techniques, some experimental works have been conducted to study the mechanics of macromolecular suspension flows. Perkins et al. (1995) measured the extension properties of tethered single DNA molecules in a uniform flow. Perkins et al. (1997) , Smith and Chu (1998) studied the dynamic behavior of single DNA molecules in an elongation flow. Smith et al. (1999) observed the dynamic behavior of single DNA molecules in steady shear flows. The flow of molecular suspensions through a micro-channel is more complicated as it is a combination of non-uniform elongation and shear flows. Shrewsbury et al. (2001) used epi-fluorescence microscopy to characterize the flow's impact on the conformation of the molecules in microfluidic devices in which the path consists of a large, inlet reservoir connected to a long, rectangular channel followed by a large downstream reservoir. In the device, DNA molecules were observed to undergo elongation, non-uniform shear and compression. Near the channel wall, high shear rates results in dramatic stretching of the molecules, and may also result in chain scission of the macromolecules.
On the other hand, with the development of computational methods and computer hardware, numerical simulations of the movement and evolution of complex fluids in micro-devices have been more and more popular. Numerical simulation can provide more details on the flow field and conformations of macromolecules by tracking each molecular chain segment. In this area, the Brownian dynamics simulation (BDS) (Groot and Warren 1997) is one most common approach. Various molecular models have been used to model the DNA molecules, such as the Kramer's bead-rod chain , the FENE chain (Fan et al. 2003) and the worm-like chain in BDS (Hur et al. 2000) . However, these models are usually only valid for simple fluid flow since the flow field has to be specified a-priori in BDS, such as the freely-draining flexible polymers in steady linear flow (Doyle 1997) , bead-rod chains in start-up of extensional flow and single DNA molecule in shear flow .
The dissipative particle dynamics was initially designed by Hoogerbrugge and Koelman (1992) , which combines features from molecular dynamics (MD) and lattice-gas automata. It aim at simulating hydrodynamic phenomena without the lattice artifacts in lattice gas automata and it can deal with much larger hydrodynamic time and space scales than MD. As a mesoscale simulation method, it is promising in simulating the movement and evolution of macro-molecules passing through micro-channels, since the flow domain is of the same order in size as macro-molecules while the continuum mechanics may not be valid. Although there are many other mesoscale simulation methods, such as BDS, Lattice Gas Automata (LGA) (Frisch et al. 1986) , and Lattice Boltzmann (LB) (Chen and Doolen 1998) , it is difficult for those methods to deal with complex fluids and complex flows.
Grooved channels with regular contraction and expansion sections are frequently used in micro-devices and the movement and evolution of macro-molecules are not yet not fully understood. Except for the experimental work by Shrewsbury, there are only a few works available on this subject so far. Kasiteropoulou et al. (2011) used DPD method to model simple fluid flow in periodically grooved micro-channels and to seek further insight on the effects of wall roughness on fluid flow. Fan et al. (2003) simulated the suspension flows of macro-molecules with FENE chain and worm-like chain through simple a micro slit, and found varieties of conformations of macro-molecular in micro-channels, including periodic contraction-diffusion micro-channels. Liu et al. (2008) used DPD to simulate electro-osmotic flow and DNA molecular in simple and complex two-dimensional and 3D geometries frequently used in nano-fluidic devices, and the results are in very good agreement with theoretical results. Pan et al. (2010) used DPD with worm-like chain to model the process of DNA separation in a micro-device, and found that longer DNA strands move faster than shorter ones.
In the present work, the DPD is used to model simple fluid and macromolecular suspension passing through the grooved micro-channels with contraction and expansion structure. The paper is organized as follows. In Sections 2 and 3, DPD methodology and macromolecular model are described respectively. In Section 4, numerical simulations of simple fluid and macromolecular suspension passing through the grooved micro-channels are analyzed. The paper concludes in Section 5 with some remarks.
Methodology of the dissipative particle dynamics
In a DPD system, a particle represents a cluster of molecules or atoms. The forces between particles are assumed to be pair-wise additive. The motion of DPD particles is governed by Newton's equations of motion. For a simple DPD particle i, we have the following governing equations
where i r and i v denote the position and velocity of particle i . The masses of DPD particles are usually taken to be the same as unity; and ij f denotes the total force between particles i and j .
ext i f is the external force, such as the gravity. The inter-particle force ij f consists of three parts,
The conservative force describes the thermodynamic behavior of the DPD system, and can be derived form a pair potential that acts between particles i and j as
where ij a is the repulsion parameter between particles i and j represents the strength of the collision; ij i j =  r r r represents the relative position between particle i and particle j ; ij ij r = r , ˆ/ ij ij ij r  r r is the unit vector directed from the mass center of particle j to i ; and c r is the cut-off radius. Eq. (4) indicates that the conservative force is repulsive over a limited radius c r only and acts in the direction of the ˆi j r vector. The soft conservative force makes it possible to use a large time step in a discrete algorithm for integrating the equations of motion. The dissipative force describes for the viscous effects in the DPD system and it acts like a viscous damper by reducing the relative velocity between DPD particles. The random force represents the thermal motion of unresolved scales, such as the molecules inside each particle. The dissipative force and random force are written as
where γ and σ are two coefficient which represents the amplitude of the dissipative and random force,
represents the relative velocities between particle i and particle j . ij ζ is a random variable with Gaussian statistics
where   δ t t'  is a Dirac delta function, which is infinite at position t' and zero everywhere at other positions, while the integral of the Dirac delta function is unity over the entire domain. x represents an average value over the distribution of the random elements x .
As discussed by Espanol and Warren (2005) 
where d r is the cut-off distance for the diffusive and random forces and it may not be different from c r , which is the cut-off distance for conservative force. 
The macromolecular model
In the DPD model, macromolecules (such as DNA molecules) are generally simulated by a series of particles (beads) linked together using springs. A variety of numerical models have been developed, such as the worm-like chain (WLC) model and FENE (finitely extendable nonlinear elastic) model. For example, Smith et al. (1999) observed a direct mechanical measurement of the elasticity of single DNA molecules by using magnetic beads; directly conducted the tube-like motion of a single DNA molecule in a concentrated,  -phage DNA solution; Perkins et a1. (1995) measured the extension of a tethered DNA molecule in a uniform flow. In this paper, the FENE chain (Fan et al. 2003 ) is used to model macromolecules. The beads in the chain are replaced by DPD particles. In addition to the three kinds of force in Eq. (3), the spring force will also act on these beads. The spring force law of a FENE chain segment can be expressed as the following equation
Where H is the spring constant. m r is the maximum length of one FENE chain segment. From
Eq. (11), we can see that the spring force increases intensely and approaches infinity when ij m r r approaches 1. As a result, the distance between two neighboring beads in FENE chain should be less than m r .
Simple and complex flows in a grooved micro-channel
In this paper, we are interested in simulating the macromolecular suspension flow through a grooved micro-channel with sudden contraction and expansion sections. When studying the transport and conformation of macromolecules, the length of the macromolecules is at the same scale as the width of micro-channels, and therefore continuum mechanics based theories may not be valid. On the other hand, the size of flow field and macromolecules, such as DNA, are too large to be handled by MD simulation, in which computational requirements exceed the capabilities of 
Simple fluid flow
Before modeling macromolecular suspension, we firstly simulated the simple fluid flow (DPD particles are not chained to form complex structures) through a grooved micro-channel. As shown in Fig. 1 , the grooved micro-channel is modeling by two stationary parallel solid plates with contraction and expansion sections, characterized by periodically placed rectangular protruding bottleneck. The computational domain is 100 100 x    , 1.5 1.5 y    and 10 10 z    while 5 5 z    at rectangular protruding bottleneck. A total number of 48996 simple DPD particles are used, including 40800 fluid particles placed in the planar slit and 8196 wall particles located in three layers parallel to the x-y plane in each side. The periodic boundary conditions are applied to fluid boundaries in the x and y directions. On the surface of solid walls, we applied Maxwellian reflection boundary conditions to yield the no slip boundary condition.
The physical properties of a DPD fluid are characterized by the parameters in the DPD formulation. Some parameters can be determined by fitting the relevant data of the real fluid, some are chosen to maintain the numerical accuracy in simulating simple cases, such as the ideal gas and equilibrium states. For complex systems, there is no solid physical basis to determine the parameters characterized interaction strengths between different components. According to Groot and Warren's work (Goot and Warren 2007) , to satisfy the compressibility of water, the coefficients of the conservation and random forces should be 75 / 
 
in the verlet-type algorithm. This conclusion can also be extended to the dilute polymer solution (Fan et al. 2003 , Fan et al. 2006 . We set the unit of energy to be 
where the stress tensor is calculated using the Irving-Kirkwood model (Fan et al. 2003 )
In the above equation, V is the volume of the computational bin,  v is the corresponding stream velocity, and  ij F is the inter-particle force on particle i due to particle j. If particle i is a bead of molecular chains,  ij F should also include the total spring force on the bead. The first term of the right hand side in Eq. (13) describes the contribution to the stress from the momentum transfer of DPD particles and the second term from the inter-particle force. Temperature is calculated in each bin using the equation where N is the number of particles inside the bin. By averaging the velocity vectors ( x v and z v ) of all particles in each bin, we can get the velocity field. Fig. 2 shows the velocity field in x and y direction respectively. It is easy to get the streamline of the flow field as we have already got the velocity of all bins. Fig. 3 shows the streamline of the flow field. It is observed that the horizontal velocity is smaller in the region near the wall. As the width of the channel reduces, the horizontal velocity increases.
In areas with a sudden contraction, for example, flow contracts from cross-section 60   x   x , just behind a sudden enlargement, is negative in marginal region, which correspond to the vortices in Fig. 3 . It is a coincidence that velocity profiles at 55   x , -40 and -25 intersect at two points. Local pressure, number density, temperature and streaming velocity are also calculated by solving the Eqs. (13) and (14). Fig. 5 shows the pressure, number density and temperature field. Pressure, number density, temperature are almost uniform across the channel.
Similarly, the profiles of density and temperature at 90   x , -55, -40 and -25 are also plotted to show the difference of local properties at different cross-sections (see Fig. 6 ).
Form Fig. 6 , we can see that temperature is almost uniform across the channel at each cross-section except for regions near the wall. The temperature drops near the wall due to low wall temperature. Density is uniform in most regions except for marginal regions near the wall, where density fluctuations exist. The peak density value near the wall is higher than that in the center of the channel due to mass conservation. These fluctuations in density are not only due to the interaction of fluid particles and wall particles, but also due to bounce-back conditions. The structure of quadrate contraction has slight influences on the density distribution at different cross-sections. We can easily find that the density of particles in the region just facing the contraction construct is slight higher than other regions. It may be due to the quadrate contraction blocking the flow from the left to the right.
The density profile at cavity ( 25   x ) is nearly constant and almost coincide with the profile at 90   x far away from protrusion and cavity. But it should be noted that a small difference exists between the two profiles for regions very close the wall. This phenomenon may be caused by particle trapping inside the cavities of the vortices. To confirm this assumption, we investigate the particle trajectories. The trajectory of particles in DPD simulation does not strictly flow along the streamline due to the random force. Fig. 7 shows four typical trajectories of four concerned particles at different instants:
• The first trajectory shows a particle through the region with protrusions and cavities very smoothly without any block. These trajectories usually exist in the center region of z direction.
• The second trajectory shows a particle through the region with protrusions and cavities smoothly except in the cavity ( 30 10     x ). The particle hesitates in the cavity for a significant amount of time. These trajectories usually exist in the region which is close to the protrusion wall. • The third trajectory shows a particle is trapped by the vortices inside the cavity after through two protrusions and one cavity. These trajectories usually exist in the region very close to the protrusion wall.
• The fourth trajectory shows a particle escaping from the vortices inside the cavity after being trapped. This trajectory is the extension from the third one. A detailed trajectory analysis shows that there are no particles that stay trapped inside the cavities for the whole simulation time. This phenomenon indicates that this trapping effect does not depend on the initial particles configuration. Particles that are initially located inside the cavities do not stay there during the entire simulation. Meanwhile, particles that are initially distributed outside the cavities may enter the cavity and are trapped during the simulation.
Movement and evolution of macromolecules
In this section, we use DPD particles and FENE chains to model the suspension of macromolecules by just adding FENE chains to the flow field of grooved micro-channel flow. 40500 fluid particles and 1800 FENE chain beads (30 FENE chains each with 60 beads) are used in the simulations to model the dynamic behavior of macromolecular suspension in grooved micro-channel. The parameters in the spring force law of FENE are taken to be H = 6.0, r m = 1.5. Other parameters remain the same as those mentioned in the previous simulation. Fig. 8(a) shows the initial configurations of some selected macromolecules in the grooved micro-channel. In the initial moment (t = 0), all chains randomly and relatively uniform distributed in the entire flow field, and most of them are coiled.
As flow develops, the FENE chains move, rotate and stretch. When fully developed ( 8000  t ), as shown in Fig. 8(b) , most chains are distributed in regions between 5   z and 5  z , Macromolecules located nearer to walls are stretched better than those in the center region, where macromolecules are usually coiled. The coiled chains are found in the central part of the slit, where shear rate is low, while the longest chains are found in the region close to wall, where shear rate is high. Fig. 9 shows the velocity field and Fig. 10 shows the streamline of the flow field. From Figs. 9 and 10, the movement and evolution of macromolecules with FENE chain do not show significant difference in velocity fields and streamline, compared with those from the simple flow. It is not easy for us to identify the difference properties between flow of macromolecules suspension and flow of simple fluid by directly observing the flow fields. Hence, we draw the profiles of horizontal velocity at x = -90, -55, -40 and -25 (see Fig. 11 ). In Fig. 11 , lines indicate the horizontal velocity profiles from macromolecules suspension, while dots indicate those from simple fluid flow.
From Fig. 11 , we can see that macromolecular chains have remarkable influences on the velocity distribution across the micro-channel. The existence of macromolecular chains will drop velocity in center region of the channel. It is observed that the impact of the macromolecular Fig. 13 Density and temperature profiles at different x across the slit chains on the velocity distribution is more significant in the region −5 ≤ z ≤ 5, and this result is consistent with the phenomenon that most chains are distributed in the region −5 ≤ z ≤ 5 as shown in Fig. 8 . Fig. 12 shows the pressure, number density and temperature field of macromolecules suspension flow. Similar to the simple fluid flow, pressure, number density and temperature are almost uniform in the channel except for some areas close to walls. We also draw the profiles of density and temperature at x = −90, −55, −40 and −25 as shown in Fig.  13 . We can see the existence of macromolecule chains do not significantly influence the temperature distribution: the temperature is almost uniform across the channel and is very close to In order to observe the dynamic behavior of macromolecules passing through the channel, serial frames of cconformations of marked macromolecules in the channel are plotted in Fig. 14. It is observed that macromolecules kept changing their own conformation due to the random force in DPD formula, which corresponds to the thermal fluctuations in mesoscopic scale. From the conformations of a single macromolecule in the serial frame, we can find that macromolecule trend to stretch longer when passing the region close to wall than middle region of the channel. The structure of the grooved channel with sudden contraction and enlargement affect the conformation evolution of the macromolecule significantly. To better illustrate this effect, we labeled each macromolecule in Fig. 14. When facing a sudden contraction, macromolecule tends to coil itself, or adjust the direction of extension to parallel the protruding wall, to pass the channel smoothly. For example, Macromolecule # 1 changes from a stretching state to becomecurled before and close to the contraction section. Macromolecule # 2 changes from a vertically stretching state to become a horizontal stretching state, and become curled before, in and after the contraction section. When facing a sudden enlargement, macromolecule can stretch and rotate, just as shown by Macromolecule # 3. A detailed conformation and trajectory observation of macromolecule show that there is no macromolecule trapped by the vortices inside the cavity for the whole simulation time, while simple DPD particle can be trapped by the vortices. Therefore, it is reasonable to draw such a conclusion: macromolecule would like to adjust its own conformation and angle to suit the flow and pass the channel quickly.
Conclusions
In this paper, we investigated the transport and conformation of macromolecules in a grooved micro-channel by using the dissipative particle dynamics model with finitely extendible non-linear elastic bead spring chains model. The grooved micro-channel is characterized by periodically placed rectangular protruding bottleneck. We firstly use the DPD model to simulate the simple fluid flow in the grooved micro-channel. The flow fields and profiles were analyzed. We found that the horizontal velocity is smaller in the region near the wall. As the width of the channel reduces, the horizontal velocity increases simultaneously. The structure of the grooved channel with sudden contraction and expansion strongly affects the velocity distribution. Vertices can also be found at the top and bottom corners behind the contraction section. The particle trajectories were also investigated by tracking four typical trajectories of particles in detail. It is found that particles can be trapped or escape from the vertices, while no particles trapped inside the cavities for the whole simulation time.
After the successful simulation of simple DPD fluid in the grooved micro-channel, we use DPD particles with FENE chains to model the movement and evolution of macromolecules in grooved micro-channel. Our numerical results show that macromolecular chains influence velocity and density distribution rather than the temperature and pressure. Macromolecular chains have remarkable influence on the velocity distribution across the channel. The existence of macromolecular chains will reduce velocity in the center region of the channel where most chains were found. Macromolecular chains have slight influences on the density distribution across the channel. The density in the central region is slightly higher instead of uniform across the channel. For regions where macromolecular chains are relatively dense, the associated particle density is slightly higher. It can be concluded that macromolecules tend to drag simple fluid particles, reducing their velocity, and leading to density and velocity fluctuations. We also analyzed the cconformation evolution of macromolecules passing through the channel, and conclude that macromolecules are able to adjust their own conformations to suit the shape of geometric structures and pass the channel smoothly.
